Cell migration is fundamental to normal CNS development. Radial migration, along radial glial fibers, has been the principal pathway studied, however, nonradial or tangential cell migration has increasingly been identified at all levels of the CNS. Receptors, cell adhesion molecules, and extracellular matrix molecules have all been shown to participate in radial cell migration. In contrast, the molecular basis of nonradial cell migration has only recently begun to be elucidated. Using replication defective retroviral vectors we have determined the location and time when nonradial cell migration begins in the developing chick diencephalon. We have identified three molecules that are expressed in spatially and temporally restricted domains that are consistent with them playing a role in nonradial cell migration. One of these molecules, DM-GRASP, a transmembrane protein with five extracellular Ig domains, is expressed on the nonradially migrating cells in addition to axons. To test the hypothesis that DM-GRASP participates in guiding nonradial cell migration, we injected a replicationdefective retroviral vector used for lineage tracing followed by a DM-GRASP blocking antibody. Embryos injected with the blocking antibody showed a near complete block in nonradial cell migration specifically where DM-GRASP is expressed. Furthermore, morphological analyses revealed disruption of the normal architecture of the diencephalon indicating nonradial cell migration is necessary for normal morphological development of the brain. Our data indicate that DM-GRASP is necessary for nonradial cell migration in the chick diencephalon and have provided a system to further explore the function of nonradial cell migration during CNS development.
One of the remarkable features of CNS development is the extensive cell migration that occurs from the site where progenitor cells reside to where a postmitotic, terminally differentiated cell resides in the mature brain. Neurons and glia are derived predominately from progenitor cells located adjacent to the lumen of the neural tube. These regions, known as the ventricular zone (VZ) and subventricular zone (SVZ), are composed of proliferating cells. The two daughter cells resulting from a cell division may each re-enter the cell cycle, one may re-enter the cell cycle and the other may leave the cell cycle, or both may exit the cell cycle. Those cells that exit the cell cycle begin differentiation. As cells differentiate, they also migrate away from their site of birth to where they will reside in the mature nervous system.
Two major pathways of cell migration have been identified during early development; radial, from the ventricular zone out toward the surface of the neural tube, and nonradial or tangential, which is parallel to the surface of the neural tube. Radial migration was the first pathway of migration to be identified and subsequently is the best characterized. Radial cell migration is also known as glial-guided cell migration because the neuroblasts migrate along specialized glial cells known as a radial glia (Rakic, 1990 ; for review, see Hatten, 1999) . In vitro and in vivo studies of radial cell migration have identified a number of molecules that participate in this pathway of migration. These molecules fall into several broad categories, including extracellular matrix molecules (Husmann et al., 1992; Fishman and Hatten, 1993) , cell surface molecules (including receptors, ligands, and cell adhesion molecules) (Stitt and Hatten, 1990; Fishell and Hatten, 1991; Asou et al., 1992; Grumet, 1992; Fishman and Hatten, 1993; Rakic, 1993, 1996; Mittal and David, 1994; Ono et al., 1994; Thomaidou et al., 1995; Anton et al., 1996; Zheng et al., 1996; Anton et al., 1997; Rio et al., 1997) , secreted molecules, and molecules with putative roles in signal transduction (Anton et al., 1997; Rio et al., 1997) .
In contrast to radial cell migration, relatively little is known about the guidance of nonradial (also defined as tangential) cell migration. Nonradial cell migration has been observed at virtually every level of the developing nervous system including the spinal cord (Leber et al., 1990; Phelps et al., 1996) , hindbrain (Baehr et al., 1988; Bourrat and Sotelo, 1988; Leber et al., 1990; Marin and Puelles, 1995; Ono and Kawamura, 1989; Phelps et al., 1996) , cerebellum (Ryder and Cepko, 1994) , midbrain (Gray and Sanes, 1991; Martinez et al., 1992) , diencephalon (Golden and Cepko, 1996; Golden et al., 1997) , and telencephalon (Austin and Cepko, 1990; Halliday and Cepko, 1992; Walsh and Cepko, 1992; Fishell et al., 1993; O'Rourke et al., 1995 O'Rourke et al., , 1996 O'Rourke et al., , 1997 Cepko, 1996, 1998; Anderson et al., 1997; Tan et al., 1998) . Furthermore, clonal analysis and cell labeling studies indicate that a significant percentage of cells move along tangential pathways during development. For example, up to 40% of clones in the chick dienceph-alon showed nonradial dispersion (Golden et al., 1997) , and up to 30% of cells in the cerebral hemispheres of ferret also showed nonradial dispersion (O'Rourke et al., 1995) .
The molecular and cellular mechanisms that direct cells to leave their radial pathway and move along nonradial pathways are beginning to be characterized. Using a library of replicationdefective retroviruses we have previously determined the time during development and the location within the wall of the neural tube where nonradial migration begins in the chick diencephalon (Golden et al., 1997) . Our data indicate that nonradial cell migration begins between embryonic day 4 (E4) and E5 and that the migration occurs outside the ventricular zone. Based on these data, we hypothesized that the molecules guiding nonradial cell migration must be expressed in this spatial and temporal pattern.
DM-GRASP was identified as a candidate molecule because it was found to have the expression pattern predicted for a molecule that would participate in nonradial cell migration. DM-GRASP is a type I transmembrane protein with five Ig-like domains and many putative N-glycosylation sites on the N-terminal end (Burns et al., 1991) . Antibodies to DM-GRASP have been independently generated by three groups (Tanaka and Obata, 1984; Pourquie et al., 1990; Burns et al., 1991) . Using three distinct antibodies to DM-GRASP, we found that this protein is expressed on the surface of cells as well as on axons of other cells within the region of nonradial cell migration. To test if DM-GRASP is necessary for nonradial cell migration, functional blocking antibodies [based on an in vitro axon outgrowth assay (Burns et al., 1991) were injected after the injection of a lineage tracer (Golden et al., 1995) ]. Nonradial cell migration was specifically blocked in the chick diencephalon after injection of a blocking antibody. These data suggest that DM-GRASP is necessary for nonradial cell migration. Nonradial cell migration may also be crucial for normal CNS development because injection of DM-GRASP blocking antibody results in abnormal morphological development of the diencephalon. These data indicate DM-GRASP is necessary for nonradial cell migration. We expect DM-GRASP is only one of what will likely be many molecules required for nonradial cell migration, similar to radial cell migration.
MATERIALS AND METHODS

Retroviral labeling.
A replication-defective avian retrovirus, CHAP (a gift from Dr. C. C epko), which encodes human placental alkaline phosphatase in place of the viral gag and pol genes, was produced according to published protocols (Ryder and C epko, 1994) . A second replicationdefective avian retrovirus, LZ12 (a gift from Dr. J. Sanes), which encodes the Escherichia coli LacZ gene after a nuclear localizing sequence, was produced according to published protocols (Galileo et al., 1990) . Both viral stocks were tested and found not to contain helper virus, and stocks were used with titers of between 10 6 and 10 7 cf u /ml. Chick neural tube infection was achieved by injecting 0. 3-1.5 l of concentrated retrovirus into fertilized, virus-free White Leghorn embryos at stage 10 -14 (Hamburger and Hamilton, 1951), as previously described (Golden et al., 1995; Golden and C epko, 1996) . Embryos were harvested on E6, E10, or E14 (brain only on E10 and E14) and fixed overnight at 4°in 4% paraformaldehyde in 0.1 M PBS, pH 7.4. For alkaline phosphatase staining, embryos were heat-inactivated at 65°C for 1 hr to destroy endogenous alkaline phosphatase (AP) activity and developed in nitroblue tetrazolium (Sigma, St. L ouis, MO) and 5-bromo-4-chloro-3-indolyl-phosphate (Sigma) as previously described (Golden et al., 1995) . Embryos showing infection within the diencephalon were equilibrated overnight in 30% sucrose in PBS, embedded in OC T, and sectioned coronally on a Reichert-Jung cryostat at 30 m. Sections were collected consecutively on Superfrost / Plus slides (Fisher Scientific, Pittsburgh, PA) and baked overnight at 37°C. Sections were then redeveloped for AP activity, and the distribution of cells were examined on a Nikon E400 compound microscope.
Embryos injected with LZ12 were fixed and processed as described above except that they were cut at 20 m and they were not incubated at 65°C. After washing in PBS, the embryos were placed directly into 1 mg /ml 5-bromo-4-chloro-3-indolyl-galactoside (Sigma) made in detection buffer (35 mM ferricyanide, 35 mM ferrocyanide, and 5 mM MgC l 2 in PBS). Embryos were incubated overnight and then washed three times in PBS. Embryos with infection in the diencephalon were f urther processed and cryosectioned for light microscopic examination as described above and immunohistochemistry as described below. Antibody injections. DM-1 and DM-2 hybridomas were a gift from Dr. Susannah Chang. Blocking (DM-2) or control (DM-1) hybridoma supernatant was centrif uged and filtered through a 0.2 m membrane. Fast green dye was added to the supernatant at a final concentration of 0.0125%. The antibody was injected into a vitelline vein on the surface of the yolk at a rate of 3-5 l /min through a heat-pulled micropipette attached to a 100 l Hamilton syringe. Approximately 12 l was injected on E4 and 16 l on E5, followed by harvesting on E6. DM-1 and DM-2 were also concentrated with a protein-A column and dialyzed against PBS to an estimated concentration of 500 g /ml. Four microliters of the concentrated antibody were injected on E4 and 6 l on E5. The injection of smaller volumes of concentrated antibody appeared to improve embryo survival. For those embryos harvested on E10 and E14, in addition to the injection of antibody on E4 and E5, 20 l was injected on E6.
Immunohistochemistr y. Cryosections prepared as described above for viral histochemistry were rinsed in PBS, and sections were blocked in 10% goat serum, 0.1% T ween-20 in PBS, and incubated in primary antibody for 1 hr at room temperature to overnight at 4°C. Primary antibodies included T uj1 (neuron-specific class III tubulin; Geisert and Frankf urter, 1989) , 1:100; 8D9 (Ng-CAM; Lemmon and McL oon, 1986) , 1:10; 5E1 (sonic hedgehog; Ericson et al., 1996) undiluted; DM-1 and DM-2 (both recognize DM-GR ASP; Burns et al., 1991) , undiluted. After washing in PBS, sections were incubated for 1 hr with the appropriate secondary antibody conjugated to Texas Red or fluorescein isothioscyanate (Jackson ImmunoResearch, West Grove, PA). Sections were washed in PBS, coverslipped with Vectashield (Vector Laboratories, Burlingame, CA), and examined with a Z eiss Axioplan microscope equipped with epifluorescence.
Antibodies injected in vivo were detected by fixing and processing the embryos as described above. Sections were rinsed in PBS and blocked as described above. After blocking, the embryos were incubated directly in the appropriate secondary followed by washing in PBS and then coverslipped with Vectashield. Sections were again examined with a Z eiss Axioplan microscope equipped with epifluorescence.
Histolog y. Antibody injected or control E10 and E14 brains were quickly dissected out in PBS and fixed overnight in 4% paraformaldehyde in PBS at 4°C. Brains were then rinsed in PBS, dehydrated, and infiltrated with paraffin without vacuum. The brains were then oriented in paraffin blocks and cut coronally at 7 m on a Z eiss microtome. Sections were collected and baked on Superfrost / Plus slides (Fisher Scientific) at 37°C overnight. Sections were then deparaffinized, rehydrated, stained with hematoxylin and eosin according to standard protocols, coverslipped with Permount (Fisher Scientific), and examined with a Nikon E400 microscope.
BrdU incorporation studies and T UNEL assays. Embryos injected with DM-1 or DM-2 antibody as described above were injected with BrdU solution on E7, E8, or E10. A 30 gauge needle was used to inject 100 l of a 10 g /ml solution of BrdU in sterile PBS into the amniotic sack. Embryos were harvested into 4% paraformaldehyde 30 min after injection. Cryosections were prepared as above. BrdU was detected by incubating cryosections in 2N HC l for 1 hr at 37°C. Slides were rinsed five times in PBS and incubated for 1 hr in primary antibody (G3G4; Developmental Studies Hybridoma Bank) diluted 1:50 in 1% bovine serum albumin, 1% DMSO, 0.1% Triton X-100, and 10% goat serum in PBS. Primary antibody was detected as described above. C ell death was assayed by injecting embryos with DM1 or DM2 antibody then harvesting on E7, E8, and E10 as described above. TUN EL assays were performed on cryosections of these embryos as previously reported (Golden et al., 1999) . Three embryos were studied at each time point. Sections labeled for BrdU and with TUN EL were counterstained with DAPI and examined on a Z eiss Axioplan microscope with epifluorescence.
RESULTS
Candidate molecules for guidance of nonradial cell migration in the developing CNS were defined as those expressed in a pattern coincident with the onset of nonradial cell migration (Golden et al., 1997) . Immunohistochemistry, using existing antibodies to cell adhesion molecules, extracellular matrix molecules, and cell surface receptors, ligands or potential cell-cell interacting molecules was performed on coronal sections of E4 and E5 chick diencephalon. To date, three molecules have been identified as meeting the criteria defined for a candidate molecule. The first of these molecules, Ng-CAM, was previously reported (Golden et al., 1997) . The other two are DM-GRASP ( Fig. 1) and ␤ 2 -laminin (data not shown). Although DM-GRASP is located on subsets of axons before and on E4 (Chédotal et al., 1995) , it is also localized on cell bodies at E5 outside the ventricular zone (Fig. 1) . This pattern of expression is consistent with DM-GRASP participating in nonradial cell migration. We also observed DM-GRASP expression outside the diencephalon consistent with previous descriptions (Tanaka and Obata, 1984; Burns et al., 1991; Pourquie et al., 1992; Zhang et al., 1995; Fournier-Thibault et al., 1999) .
A functional blocking antibody (DM-2) and a nonblocking antibody (DM-1) to DM-GRASP were previously characterized (Burns et al., 1991) . We predicted that if DM-GRASP was necessary for nonradial cell migration, then administration of DM-2 should block nonradial cell migration. To test our hypothesis we first determined that we could localize DM-2 to the sites of DM-GRASP expression in ovo. Hybridoma supernatants from either DM-1 or DM-2 were injected intravascularly and specifically localize to the sites of DM-GRASP expression for up to 24 hr (Fig. 2) . The injected antibody could not be detected 36 hr or later. Injection of either DM-1 or DM-2 into the neural tube or the amniotic fluid was not sufficient to localize these antibodies to the sites of DM-GRASP expression in ovo (data not shown). We have tested several other hybridoma supernatants (5E1, anti-Shh and 8D9, anti-NgCAM) and found the intravascular technique to be equally effective, resulting in specific localization of these antibodies in ovo (data not shown).
DM-2 blocks axons from growing out along other axons (Burns et al., 1991) . Accordingly, the administration of DM-2 may block axon growth through the diencephalon that could secondarily effect other processes such as cell migration. To investigate this possibility, DM-2 was injected into extraembryonic chick blood vessels on E4.5 and E5.5. The embryonic brain was harvested on E7.5, sectioned coronally, and examined for the presence or absence of axons previously described in this region (Golden et al., 1997) . To avoid false-positive results from the injection of DM-1 or DM-2, embryos were examined with axon markers at least 48 hr after injecting antibody. Axons in these brains are decorated with both the Tuj1 antibody, which recognizes a neuron-specific class III ␤-tubulin (Fig. 3) , and the 8A1 antibody, which recognizes low molecular weight neurofilament protein (data not shown), both of which label early axons traversing the diencephalon (Golden et al., 1997) . Thus, DM-2 did not block axons from growing through the diencephalon. These data do not preclude a quantitative difference in the number of axons or the fasciculation of axons traversing through the diencephalon, however, no qualitative difference between control and injected embryos was identified. We next investigated whether DM-2 blocked nonradial cell migration. Stage 10 -13 embryos were injected with a replicationdefective retroviral vector (Golden et al., 1995) followed by intravascular injection of DM-2, DM-1, or PBS on E4 and E5. On E6 embryos were fixed, washed, and alkaline phosphatase (CHAPOL-injected embryos; Golden et al., 1995) or ␤-galactosidase (for LZ12-injected embryos; Galileo et al., 1990) histochemistry was performed to determine which embryos had CNS infection. Embryos with clones in the CNS were processed for cryosectioning and sectioned in the coronal plane.
The injection of DM-2 specifically blocked nonradial cell migration in the diencephalon (Fig. 4, Table 1 ). Nonradial dispersion of cells was seen in approximately one-third of all clones after PBS injections (Table 1) . Embryos injected with DM-1 showed nearly a third of clones with both radial and nonradial cell dispersion, similar to the distribution of clones in control embryos (Table 1 ). In contrast, embryos injected with DM-2 showed only two clones with nonradially dispersed cells. Furthermore, the two clones with nonradial cell migration were found in the most ventral aspect of the diencephalon where DM-GRASP is not expressed. The three groups (no antibody, DM-1, and DM-2) were compared by 2 analysis, and the difference between these groups was found to be statistically significant ( 2 ϭ 7.73; p Ͻ 0.025) (Sokal and Rohlf, 1981) . Independent comparisons using the 2 analysis with the Yates correction (Sokal and Rohlf, 1981) showed no difference between PBS and DM-1-injected cases ( 2 ϭ 0.632; p ϭ ns), but a significant difference was found between no antibody and DM-2 ( 2 ϭ 5.47; p Ͻ 0.025). The disruption in nonradial cell migration did not affect radial cell migration. Greater than 90% of clones, despite the presence or absence of nonradial cell dispersion, showed radial dispersion from the ventricular zone independent of whether the embryo was exposed to DM-1, DM-2, or no antibody. Occasional clones (ϳ8%) showed cells restricted to the ventricular zone indicating no radial migration had occurred. Given that clones restricted to the ventricular zone were found in approximately equal proportions in treated and untreated embryos, radial cell migration appears unaffected. Embryos injected with DM-1 showed similar numbers of both radially and nonradially distributed clones when compared to control embryos. In contrast, nonradial cell dispersion was not observed in the dorsal diencephalon in any embryo injected with DM-2.
Nonradial cell migration was specifically blocked in the diencephalon of chick embryos. Examination of the mesencephalon (tectum), where nonradial cell dispersion has also been observed in chick embryos (Gray and Sanes, 1991; Ryder and Cepko, 1994) , shows that nonradial cell migration was not affected by the injection of DM-2 or DM-1 (Fig. 5) . DM-GRASP is not expressed in the regions of the tectum or telencephalon where this nonradial cell migration occurs. These data indicate that the block in nonradial cell migration is specific for the diencephalon where DM-GRASP is expressed on the migrating cells.
Because the injection of DM-2 inhibited nonradial cell migration, the morphological consequences of blocking this pathway of migration were examined in E10 and E14 embryos. After injection of antibody on E4, E5, and E6, embryonic brains were fixed, sectioned, and stained with hemotoxylin and eosin. Embryos injected with DM-1 showed no morphological abnormalities (Fig.  6 ) when compared to control embryos. In contrast, embryos injected with DM-2 showed a disruption in the normal anatomy and size of the diencephalon (Fig. 6) . Despite the severe cytoarchitectural abnormalities, the disruption appeared specific. For example, the ventral lateral geniculate nucleus appeared to be preserved in embryos injected with DM-2, whereas the nucleus rotundum and other dorsal nuclei were absent or markedly distorted. The dorsal diencephalon was specifically affected, whereas the tectum and cerebellum appeared normal. Occasional brains showed anomalies of the telencephalon, however, we have focused on the diencephalon where we could correlate the morphological studies with our studies of lineage and clonal dispersion (Golden and Cepko, 1996; Golden et al., 1997) .
The diencephalon was found to be both small and the morphology was disrupted. The small size of the diencephalon raised the possibility that the injection of DM-2 antibodies specifically interrupted cell proliferation and/or led to increased cell death. To determine if cell death was increased by injection of the DM-2 antibody, TUNEL assays were performed to assess the amount of cell death after injection of no-antibody, DM-1, or DM-2. No qualitative difference was observed between embryos injected with PBS, DM-1, or DM-2 (Fig. 7) . A higher percentage of cells were labeled with the TUNEL technique on E8, when compared to E7, however, this was in embryos from all experimental groups, indicating a normal increase in cell death in the diencephalon during development (Fig. 7) . The number of TUNEL-positive cells was again low on E10 (Fig. 7) .
To determine if cell proliferation was inhibited by the antibody injections, BrdU incorporation studies were performed. Immunofluorescent staining for BrdU again showed no qualitative difference in the number of labeled cells after injection of no antibody, DM-1, or DM-2 (data not shown). A review of the E10 and E14 hematoxylin-and eosin-stained sections indicates a greater density of cell nuclei in the diencephalon. These data suggest that the DM-2 antibody may have pleotropic affects that include blocking nonradial cell migration and other developmental processes that result in the abnormal morphology of the diencephalon. 
DISCUSSION
Two patterns of cell migration are recognized during early development of the CNS, radial and nonradial. These two patterns of cell migration have been observed at all levels of the neural axis, suggesting they are both essential components of development (Baehr et al., 1988; Bourrat and Sotelo, 1988; Ono and Kawamura, 1989; Austin and Cepko, 1990; Leber et al., 1990; Gray and Sanes, 1991; Halliday and Cepko, 1992; Martinez et al., 1992; Walsh and Cepko, 1992; Fishell et al., 1993; Ryder and Cepko, 1994; Marin and Puelles, 1995; O'Rourke et al., 1995 O'Rourke et al., , 1997 Golden and Cepko, 1996; O'Rourke, 1996; Phelps et al., 1996; Cepko, 1996, 1998; Anderson et al., 1997; Golden et al., 1997; Tan et al., 1998) . Numerous molecules have been shown to participate in the radial pathway of cell migration, whereas the molecular mechanisms of nonradial cell migration are only beginning to be elucidated. Our data indicate that DM-GRASP is necessary for nonradial cell migration in the chick diencephalon, thus providing an opportunity to begin constructing a molecular pathway for this pattern of cell migration.
DM-GRASP is a type I transmembrane protein and a member of the Ig superfamily (Burns et al., 1991) . Although the precise cellular and biochemical function of DM-GRASP remains unknown, it is likely to mediate cell-cell interactions. Cell-cell and cell-extracellular matrix molecule interactions are required for other patterns of cell migration in the CNS (Stitt and Hatten, 1990; Fishell and Hatten, 1991; Asou et al., 1992; Grumet, 1992; Husmann et al., 1992; Fishman and Hatten, 1993; Komuro and Rakic, 1993; Mittal and David, 1994; Ono et al., 1994; Thomaidou et al., 1995; Anton et al., 1996 Anton et al., , 1997 Komuro and Rakic, 1996; Zheng et al., 1996; Rio et al., 1997) . One mechanism through which DM-GRASP can function is by way of homophilic interactions. Biochemical studies indicate homophilic interactions between DM-GRASP expressed on adjacent axons facilitate axon outgrowth (Burns et al., 1991) . We observed DM-GRASP expression on putative nonradially migrating cells and on axons, the later were previously observed by others in the chick forebrain (Chédotal et al., 1995) . Together these data might suggest homophilic interactions may also guide nonradial cell migration. They also imply nonradial cell migration is axon dependent as previously hypothesized (Golden et al., 1997) .
Other molecules have also been shown to bind to DM-GRASP (Bowen et al., 1995; DeBernardo and Chang, 1996) . One example 16 (38%)* *Data from Golden et al. (1997) . n is the number of chick embryos examined for each experimental condition.
is Ng-CAM (DeBernardo and Chang, 1996) . Ng-CAM is of particular interest because it is located on the surface of axons in the chick (Lemmon and McLoon, 1986) and is required for cell migration in the adult songbird (Barami et al., 1994; Goldman et al., 1996) . Ng-CAM is also expressed on the surface of axons in the diencephalon at the time nonradial cell migration is initiated (Golden et al., 1997) . This provides a second or alternative substrate for DM-GRASP to interact with during cell migration. We are currently testing the role of Ng-CAM in nonradial cell migration (B. Uher and J. Golden, unpublished data).
Our data suggest that cell migration along nonradial pathways is required for normal morphological development of the diencephalon. Given the marked differences in size between the DM-1-and DM-2-treated embryos, we first addressed whether the morphological disruption resulted from increased cell death or a decrease in cell proliferation. Our data indicate that a marked increase in cell death did not result from injection of the DM-2 supernatant. A qualitative difference in cell proliferation was also not observed; however, we did not test whether our treatment altered the length of the cell cycle. An increased density of cells was noted in the diencephalon of embryos exposed to DM-2 (D. Heffron and J. Golden, unpublished observations) . These data suggest that the disruption of the diencephalon is primarily a result of blocking nonradial cell migration, however, showed normal diencephalic morphology, whereas those injected with DM-2 had a small diencephalon, loss of neuropil, and poorly organized nuclear groups. This is particularly true for the dorsal nuclei. The ventral nuclei (e.g., ventral lateral geniculate body; vLG) were somewhat better preserved although small, whereas the dorsal nuclei (e.g., nucleus rotundum, R; dorsal lateral, DL; and dorsal medial, DM ) nuclei could not be delineated. Furthermore, the sulcus limitans (arrowhead) was extremely deep in DM-2-treated embryos compared to controls or embryos treated with DM-1. Figure 7 . TUNEL assay on sections through the diencephalon of E7, E8, and E10 embryos after injection of either DM-1 or DM-2. No difference was observed in the pattern or number of TUNELϩ cells between these two experimental groups or those injected with PBS alone. A slight increase in the number of TUNEL-positive cells was observed at E8 in all of the experimental groups. These data likely reflect the normal programmed cell death that occurs in the diencephalon during development.
DM-2 may have additional effects on diencephalic development that are also reflected in the morphological phenotype.
The disruption of nonradial cell migration resulted in abnormal nuclear organization. The diencephalon, like the midbrain and hindbrain, is organized into discrete collections of neurons known as nuclei. Each nucleus has a specific function, set of functions, or defined neurochemical transmitter. Our data indicate that nonradial cell migration is required in at least the diencephalon for the organization of these functional neuronal groups. The dorsal diencephalon was particularly affected while some nuclei of the ventral diencephalon could be defined. Given that DM-GRASP is expressed preferentially in the dorsal diencephalon, the data on nuclear disorganization appears to correlate with this expression. Furthermore, the two clones that showed nonradial cell migration were located ventrally where nuclear organization was better preserved and DM-GRASP is not expressed.
Our data imply other molecules are likely to participate in the guidance of nonradial cell migration in other regions of the CNS. As noted above, nonradial cell migration has been identified at virtually every level of the developing nervous system. We have observed nonradial cell migration in the tectum and in two clones in the ventral diencephalon in embryos injected with the DM-GRASP blocking antibody. Given that DM-GRASP is not expressed in these areas at the time of development we have studied, it was not surprising for nonradial migration to appear normal in these regions of the neural tube. However, this does imply that distinct molecules will control nonradial cell migration in various regions of the neural tube.
The role of nonradial cell migration during CNS development has been an open subject. In the mouse telencephalon at least some cortical GABAergic interneurons are derived from the ganglionic eminence and must migrate tangentially into the cortex (Anderson et al., 1997) . A population of layer one neurons also migrates tangentially from the germinal zone of the olfactory tubercle (Meyer et al., 1998) . Finally, in the spinal cord, interneurons migrate on commissural neurons (Phelps and Vaughn, 1995; Phelps et al., 1996) . These data provide some insight into specific cell types that use nonradial cell migration. We are currently determining the phenotypes of the cells that migrate nonradially. The cytology of cells within widely dispersed clones suggests these cells will be many phenotypes (Golden et al., 1997) .
The rostral migratory stream is a specialized route of cell migration (Lois et al., 1996) . This pathway is present in adulthood, although the timing of its developmental onset remains unclear. This pathway of cell migration uses a specialized glial structure for directing "chains" of neurons into the olfactory bulb (Lois et al., 1996) . These neurons also become interneurons in the olfactory bulb (Luskin, 1998) . Like nonradial cell migration during CNS development, little is known about the molecules involved in guiding this pathway of cell migration.
Our data provide insight into both the role of nonradial cell migration in the chick diencephalon and a first step toward elucidating the molecular and cellular guidance mechanisms for this pathway of cell movement. The role and mechanisms of nonradial cell migration in other regions of the nervous system remains to be determined. Identifying the molecules involved in guiding nonradial cell migration will allow additional studies that will begin to answer some of these provocative questions. Additional genetic studies, disrupting these genes in mice or zebrafish, are also likely to provide valuable information into the role of nonradial cell migration during development. Finally, the identification of DM-GRASP as a necessary molecule for nonradial cell migration will allow us to begin identifying other components of this cellular pathway. Knowing that DM-GRASP can interact with Ng-CAM (DeBernardo and Chang, 1996) has already prompted us to study the later cell adhesion molecule and Axonin, which is another known binding partner for Ng-CAM (Kuhn et al., 1991) .
